Two dimensional nonlinear finite element analysis based on experimental test data has been carried out to model deformation characteristics, such as load-displacement envelope diagrams and failure modes of historical stone masonry shear walls subjected to combined axial compression and lateral shear loading. An experimental research work was carried out on three different types of historical stone masonry shear walls that can be considered representative of ancient stone masonry constructions. Those three types of masonry are: i) sawn dry-stack or dry-stone masonry without bonding mortar, ii) irregular stone masonry with bonding mortar, and iii) rubble masonry with irregular bonding mortar thickness. Plasticity theory based micro modelling techniques has been used to carry out the analysis. The stone units were modelled using an eight node continuum plane stress elements with full Gauss integration. The joints and unitjoint interfaces were modelled using a six node zero thickness line interface elements with Lobatto integration. This paper outlines the experimental research work, details of numerical modelling carried out and report the numerical lateral load-displacement diagrams and failure modes. The numerical analysis results were compared with the experimental test results and good agreement was found.
Introduction
Stone masonry is the most ancient, durable, and widespread building method devised by mankind. Stone structures built without mortar rely on the skill of the craftsmen and the forces of gravity and frictional resistance. Stone has been a successful building medium throughout the ages and around the world because of its unique range of benefits. The structures are remarkably durable and, if correctly designed, can be made earthquake resistant. They resist fire, water, and insect damage. The mason needs a minimum of tools; the work is easily repaired; the material is readily available and is recyclable. Dry stone masonry, aesthetically, complements and enhances the landscape. Archaeologists have determined that the Chinese built dry stone terraces at least 10,000 years ago. In Britain, ancient tribes built dry stone shelters just after the last ice age, 8,000 years ago.
High quality stone tools recently found in Europe are 2.2 million years old. The technique of dry stacking in construction has existed in Africa for thousands of years.
The Egyptian pyramids and the Zimbabwe ruins, a capital of ancient Shona Kingdom around 400AD, are good examples. In addition to the neglect and destruction of historic structures, the craft is handicapped due to lack of technical information and skilled preservation personnel. Construction and engineering data that professionals need are scarce and, if recorded at all, are difficult to locate.
A large part of historical buildings are built with: i) sawn dry-stack or dry-stone masonry without bonding mortar; ii) irregular stone masonry with bonding mortar; iii) rubble masonry with irregular bonding mortar thickness; iv) a combination of the three techniques. When bonding mortar is used, it is usually low strength. In addition, masonry with mortar joints can experience a significant loss of mortar due to combined chemical, physical and mechanical degrading. Due to the partial or total disappearance of mortar, the behaviour of these constructions can then become similar to those made of dry joint masonry.
The primary function of masonry elements is to sustain vertical gravity load. However, structural masonry elements are required to withstand combined shear, flexure and compressive stresses under earthquake or wind load combinations consisting of lateral as well as vertical loads. Only few experimental results are available on the behaviour of stone masonry walls, e.g. Chiostrini and Vignoli (1992) addressed strength properties and Tomaževič (1999) reported tests on strengthening and improvement of the seismic performance of stone masonry walls. More recently, Corradi et al. (2003) carried out an experimental study on the strength properties of double-leaf roughly cut stone walls by means of in-situ diagonal compression and shear-compression tests.
A comprehensive experimental and numerical study on historical dry stone masonry walls has been reported by Lourenço et al. (2005) . Displacement controlled experimental study for masonry walls under combined compression and shear loading was done for monotonic loading. Based on the material properties obtained from the experimental tests, numerical analysis was carried out to model the monotonic loaddisplacement diagrams using non-linear finite elements. Similar numerical modelling using rigid blocks limit analysis and discrete element analysis has been carried out by Azevedo et al. (2000) and Orduña and Lourenço (2003) . However, these studies were limited to regular (sawn) dry stack mortarless stone masonry only. A detailed literature survey on numerical modelling of monuments and historical constructions including structure and component level are presented by Lourenço (2002) and Lemos (2007) .
A research program was carried out by Vasconcelos (2005) at University of Minho to experimentally evaluate the in-plane seismic performance of ancient stone masonry without and with bonding mortar of low tensile strength to simulate the existing ancient stone masonry structures. Monotonic and reversed cyclic loading tests with three different pre-compression loading (low, moderate and high) were performed to investigate the strength, deformation capacity, load-displacement hysteresis response, stiffness characterization and failure modes. The data obtained from this experimental research has been used as a base for the present numerical analysis. The objective of the analysis carried out here was limited to modelling the peak load points of reversed cyclic hysteresis diagrams, or the so-called load-displacement envelope diagram, and failure modes of three different types of ancient stone masonry subjected to three different axial pre-compression loads.
Masonry is highly anisotropic due to the presence of discrete sets of horizontal and vertical mortar joints. Lourenço (1996a), Saadeghvaziri and Mehta (1993) , Papa (2001) have divided models for masonry into two categories: micro and macro. Figure 1 shows details of micro and macro modelling techniques. Figure 1b shows a detailed micro-modelling where joints are represented by mortar continuum elements and discontinuum interface elements. Figure 1c shows simplified micro-modelling where joints are represented by discontinuum elements. Figure 1d shows macro-modelling where joints are smeared out in the continuum. In the micro-modelling techniques, it is possible to model the unit-mortar interface and mortar joint which is responsible for most cracking as well as slip. Young's modulus, Poisson's ratio, inelastic properties of both unit and mortar are taken into account in the micro-modelling. The interface represents a potential crack/slip plane with dummy stiffness to avoid interpenetration of the continuum. Due to the zero thickness of the interface elements, the geometry of the unit has to be expanded to include the thickness of the joint. In the macro-modelling technique, mortar is smeared out in the interface element and in the unit.
In micro models, masonry units and mortar are separately discretised using continuum or discrete elements, whereas in the macro model (also known as equivalent material model), masonry is modelled as a single material using average properties of masonry. Page (1978) made an attempt to use a micro-model for masonry structures assuming units as elastic continuum elements bonded with interface elements. Arya and Hegemier (1978) proposed a von Mises strain softening model for compression with a tension cutoff for the units. Joints were modelled using interface elements with softening on both the cohesion and friction angle. The collapse load obtained from their model shows good agreement with experimental results from shear walls testing. Ghosh et al. (1994) concluded that macro modelling could predict the deformations satisfactorily at low stress levels and inadequately at higher stress levels when extensive stress redistribution occurs. Pande et al. (1990) categorically stated that macro modelling would not accurately predict the stress distribution within the units and mortar. In micro modelling, two approaches are followed in finite element analyses. In the first, both the units and the mortar joints are discretised by using continuum finite elements, whereas in the second approach interface elements are used to model the behaviour of mortar joints. Several researchers (Papa (2001) , Lourenço and Rots (1997) , Shing and Cao (1997) ) have reported that the interface elements used in heterogeneous models reproduce essentially the interaction between two adjoining masonry units, and further degrees of freedom are not required to be introduced. 
Outline of Experimental Research Program
The experimental research work was carried out by Vasconcelos (2005) in the Structural Engineering Laboratory at the University of Minho, Guimarães, Portugal. Test walls were made of locally available two mica and medium grain granite stone. A ready-mix mortar made of naturally hydrated lime and aggregates of granular size between 0.1 and 0.2 mm was used to bond the units. The seven days average compressive strength of mortar was 3 N/mm 2 which was considered to be close to the strength of mortar found in ancient building constructions.
The main object of the experimental research work was to evaluate the in-plane seismic performance of stone masonry shear walls found in ancient masonry structures. Table 1 and Figure of all three types of masonry according to pre-defined load history presented in Figure   4b .
Construction of all three types of test walls was performed manually by the same mason to ensure uniform workmanship. For easy transportation and to avoid local damage during transit, test walls were built on thick steel beam. Construction of type I masonry wall was easier and straight forward. Horizontal and vertical alignments of the wall were checked using plumb during the construction of each course. As there is no curing involved, the wall was ready to test immediately after the construction. Type II and III masonry test walls were constructed using low strength bonding mortar, cured for 7
days under damped condition and tested. Before construction, the units were soaked in water to avoid absorption of water from the mortar during construction and shrinkage during curing. A total number of twenty four walls have been tested including ten type I walls, seven type II walls and seven type III walls. Table 2 shows the total number of walls tested in each masonry type and under different axial pre-compression loading.
Axial pre-compression loading was applied by using a vertical actuator with a maximum capacity of 250kN. Through a set of roller supports, a deep and stiff beam was used to distribute vertical load from the actuator to a thick steel beam (similar to the base beam) that was erected on top the wall after construction. The axial precompression load (either 100 or 175 or 250 kN) was kept constant throughout the test using an independent dedicated oil pressure system. The top thick stiff steel beam was also used to apply the shear lateral load from the horizontal actuator as shown in Figure   4a . The purpose of the steel rollers placed between the deep beam and top beam, was to allow the wall to displace horizontally during the application of lateral shear load. Care was taken to avoid possible out-of-plane movement of test wall during the lateral load application. After applying the desired axial pre-compression load, the lateral load was applied in terms of controlled displacement at the rate of 100µm/s. Deformation of the walls was measured using needle type Linearly Variable Differential Transducers (LVDTs) mounted on different critical regions, Figure 4a , and on both sides of the wall.
The monotonic load test was done for type I masonry only. Reversed cyclic shear loading test was carried out for all the masonry types.
Here, it is noted that the experimental envelop curves on reversed cyclic test will be assumed as representative of quasi static monotonic loading. It is certain that the envelopes for the former do not exactly coincide with the later. The authors are not aware of specific papers addressing this issue but no significant differences are expected in terms of peak load, as energy dissipation in the hysteretic behaviour of shear walls seems to be mostly related to compressive failure and large drifts. In Oliveira and 
Finite Element Analysis of Stone Masonry
The data obtained from the ancient stone masonry shear wall test carried out by Vasconcelos (2005) has been used as a base for the present finite element modelling.
Prior to the testing of model masonry walls, mechanical tests such as compression, tension and shear tests were done on stone unit, mortar cubes, prisms made out of mortarless dry-stone, irregular stone with boding mortar and rubble stone with bonding mortar. These tests on materials were done to determine the elastic, inelastic and strength parameters required for the present finite element modelling. Average 
Mesh Generation and Element Selection
For type 1 (dry-stack stone masonry), the finite element mesh was generated using a FORTRAN program developed by Lourenço (1996b) . The following input data was As the experimental test results showed no cracks in the unit, potential cracks in the units were not considered in the entire modelling work for all three types of masonry.
The FORTRAN programme cannot be used for type II or III as it has complex irregular units of different texture and size. For type II and III masonry, the nodal points were calculated using a special image scanning software and Microsoft Excel, and the rest of the meshing procedure is same as that of the Type I masonry.
The units were modelled using eight node quadrilateral isoparametric continuum plane stress elements, CQ16M (Figure 6a) , with quadratic interpolation and full Gauss integration. The joints were modelled using a six node and zero thickness line interface elements, CL12I (Figure 6b ) with Lobatto integration. Figure 6c shows the unit and interface element assemblage.
Material Properties (Strength, Elastic and Inelastic Parameters)
The average Young's modulus of dry-stone prisms was 14800 N/mm 2 (based on test results of four prisms built with four course dry-stacked stones). Young's modulus of large walls is usually different from the Young's modulus measured in small test specimens. This phenomenon has been found and reported by Lourenço (1996a) . Micromodelling approach based on interface finite elements requires two distinct stiffnesses, namely, the stiffness of the stone units and the stiffness of the joints. Once the stiffness of the stone units is known, the stiffness of the joints can be calculated from the experimental axial pre-compression load-displacement curve of the walls. Normal joint stiffness (K n, joint ) was calculated using the following formulation proposed by Lourenço (1996a) in which the wall is consider as a series of two springs in vertical direction, one
representing the stone and the other representing the joint. The tangential stiffness (K s, joint ) was calculated directly from the normal stiffness using the theory of elasticity as follows, Lourenço (1996a):
where K s, joint = Normal joint stiffness ν = Poisson's ratio (0.
2)
The following inelastic properties of unit-mortar interface were taken in to account when available, or followed the recommendations given in Lourenço (1996a). Table 3 and 4 presents elastic and inelastic parameters. Again, note that the elastic stiffness of the interfaces was adjusted from the measured experimental results, becoming clear that the stiffness decreases consistently from Type I to Type III, due to the increasing thickness of the joint and irregular shape of the units. The equations that govern the inelastic behaviour of masonry are given in detail in Lourenço and Rots (1997) , where it is assumed exponential softening for tension and for shear, followed by parabolic hardening, parabolic softening and exponential softening in compression, see Figure 7 .
FEM Analysis Procedure
Firstly (step-1), the desired total vertical pre-compression load (either 100 kN or 175 kN or 250 kN) was dived in to small steps and gradually applied on the top surface of stiff steel beam (Figure 8 ). Then the horizontal load in terms of incremental displacement was applied in small steps at the top right corner of the steel beam (step-2). For a good insight into the stress distribution at different horizontal load increment, the horizontal displacement was increased gradually to 2.5 mm, then to 5 mm, then to 10 mm and lastly until the failure/ collapse, which provided the behaviour of each critical region (Figure 8 ) of the walls, in addition to the overall deformation characteristics. The vertical and horizontal loads were applied in small steps to achieve a converged solution, particularly in the case of dry stone masonry, which features no tensile strength or cohesion.
FEM Analysis Results
Results of the nonlinear finite element analysis were post processed and are presented in this section. Axial pre-compression load, lateral shear load and material properties are the main parameters that significantly influenced the behaviour of the shear walls. Load flow in the whole body of the wall at different lateral displacement levels, failure modes and state of load and displacement in critical nodes are presented in the following sections.
Modes of Failure
Heel, toe, centre and local point of application of load on the shear wall are the critical regions ( Figure 8 ). Failure in these regions mainly controlled the overall behaviour of the shear walls. Walls failed due to either flexure or racking or toe crushing or tensile cracking at the heel followed by shear failure along the diagonal. Combination of two or more failures has also occurred at critical load level. At lower pre-compression levels (100 kN), walls usually failed due to a progressive flexural mechanism characterised by heel cracking followed by rocking and toe crushing. loading, which leads to a series of struts defined by the geometry and stone arrangement. For a good insight into the stress distribution at different horizontal load increment, the horizontal displacement was increased gradually to 2.5 mm, then to 5 mm, then to10 mm and until the failure/ collapse, which provided the behaviour of the critical regions at different magnitude of applied loads. When the applied displacement is 2.5 mm, a larger number of diagonal compressive struts are clearly formed and the whole wall is still mostly structurally sound. As the displacement increased from 2.5 mm to 5 mm and then to 10 mm etc, the number of compression struts reduced and diagonal cracking started to occur. A complete diagonal crack propagates and the failure mode is mostly controlled by shear, together with localized rocking of the cracked stone pieces in the compressed toe region of the wall. This agrees reasonably well with the failure mechanisms observed in experimental tests, see Figure 9 .
The failure of Type II, irregular masonry is not so different from Type I, sawn masonry, even if the orientation of the diagonal crack is different and more shear failure is apparent, see Figure 10 .
The deformed shape of original mesh of Type III, rubble masonry is shown in Figure   11a . Unexpectedly, the model failed in sliding along a weak plane at about mid-height, at very low level applied lateral load. This clearly indicates that failure is influenced by the irregular internal arrangement and unrealistic results can be obtained. To avoid the sliding failure, a shear key along the weak plane was provided by adding an extra corner to a four corner stone unit at middle of the weak plane/ path, and the original mesh was modified. The modified mesh was subsequently used in all analyses. Moreover, as the internal structure is not symmetric, the results are provided from Left to Right loading (L-R) and Right to Left loading (R-L). The deformed shapes at collapse for the modified mesh are shown in Figure 11b . Under different pre-compression levels, the failure occurred in the modified Type III mesh is not so different from the Type I and II masonry particularly at higher level of axial pre-compression load, including a diagonal shear crack and toe crushing. Certainly that a major difference is that not really stepped cracks are found, being the crack mostly straight.
Load-Displacement Curves
From the experimental cyclic hysteresis curves, the peak load points were used to establish experimental load-displacement envelope curves. These experimental curves are compared with numerical results, and presented in Figure 12a -c, 13 and 14 for Type I, II and III masonry respectively. As mentioned in section 2, monotonic tests were performed for Type I (regular/ sawn) masonry only. The load-displacement envelope curve obtained under monotonic loading was superimposed with the envelope curves of cyclic loading and presented in Figure 12 d-f. As can be seen from the Figure 12d -f, these two (monotonic and cyclic) curves follow exactly a same path until the appearance of first crack at about 60-80% of failure load. After the appearance of crack in ascending zone, these two curves still follow the same path with little difference that can be neglected. After reaching close to failure, these two curves stabilize and follow exactly the same path again with increasing displacement and almost constant load level. Similar finding has been reported by Senthivel and Sinha (2002) for masonry subjected to monotonic and cyclic loading. For the rest of the case (Type II and III), it was assumed that the peak points of cyclic hysteresis curves approximately coincides the monotonic envelope curve.
Envelope curves of Type I masonry exhibited three different rages and trends: an initial linear portion with a high rate stiffness (which is directly proportional to the applied axial pre-compression load) followed by a transitory non-linear portion and, finally a relatively approximate linear portion with slow rate of increase in load and faster rate of increase in displacement. The similar trends can be seen in the case of type II and III masonry except for the sudden load drops occurred in the ascending branch of the curves due to movements or sliding of stones. Initially, the curves exhibited large stiffness with linear behaviour up to about 30% of the respective peak load. As the lateral load increases, stiffness degradation takes place. A good correspondence between numerical and experimental load-displacement curves has been found for Type I and Type II masonry.
In case of Type III, due to irregular and random assembly of units with different size and texture, the load-displacement response was sensitive to the direction of lateral load. This leads to a significant scatter of the results and less good agreement in the results, particularly for the case of higher precompression. Still, the asymmetry of the results can be replicated by the numerical results, see Figure 14 . Possibly, better agreement could be obtained by fine tuning the adopted shape of the units for each test, but this is outside the scope of this paper.
Finally, it is noted that the model of Lourenço and Rots (1997) is not capable of reproducing adequately the crack closure and cannot be used for reversed cyclic loading. The cyclic loading model available, Oliveira and Lourenço (2004) , requires significant additional data and experiences severe convergence difficulties upon a large number of cycles or large displacements, being the monotonic model much more robust.
The combination of dry stacked masonry, which requires very small steps due to lack of tensile strength and cohesion, with cyclic loading makes the analysis process unwieldy.
Therefore, no attempt is made here to replicate the cyclic results of the experimental testing program. It seems that more robust material models are needed for this purpose.
Discussion and Conclusions
Masonry is a material which exhibits distinct directional properties due to the mortar 
